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The yeast retrotransposon Ty5 preferentially integrates into regions of silent chromatin. Ty5 ¢cDNA also
recombines with homologous sequences, generating tandem elements or elements that have exchanged markers
between cDNA and substrate. In this study, we demonstrate that Ty5 integration depends upon the conserved
DD(35)E domain of integrase and cis-acting sequences at the end of the long terminal repeat (LTR) implicated
in integrase binding. cDNA recombination requires Rad52p, which is responsible for homologous recombina-
tion. Interestingly, Ty5 ¢cDNA recombines at least three times more frequently with substrates in silent
chromatin than with a control substrate at an internal chromosomal locus. This preference depends upon the
Ty5 targeting domain that is responsible for integration specificity, suggesting that localization of cDNA to
silent chromatin results in the enhanced recombination. Recombination with a telomeric substrate occasion-
ally generates highly reiterated TyS arrays, and mechanisms for tandem element formation were explored by
using a plasmid-based recombination assay. Point mutations were introduced into plasmid targets, and
recombination products were characterized to determine recombination initiation sites. Despite our previous
observation of the importance of the LTR in forming tandem elements, recombination cannot simply be
explained by crossover events between the LTRs of substrate and cDNA. We propose an alternative model
based on single-strand annealing, where single-stranded cDNA initiates tandem element formation and the
LTR is required for strand displacement to form a looped intermediate. Retrotransposons are increasingly
found associated with chromosome ends, and amplification of Ty5 by both integration and recombination

exemplifies how retroelements can contribute to telomere dynamics.

The cDNA generated by reverse transcription during retro-
transposon and retrovirus replication can enter the genome by
two pathways: it can integrate by using the element-encoded
integrase or it can recombine with preexisting elements by
using the recombination system of the host (6, 20, 32, 45).
Entry into the genome, regardless of the mechanism, alters the
host’s genetic material. This can have immediate negative con-
sequences, for example, by generating deleterious mutations.
Over evolutionary time, however, some retroelement-induced
mutations have likely benefited the host by contributing to the
genetic variability that is acted upon by natural selection. In
addition, there is increasing evidence that retroelements may
contribute to specific cellular processes. The clearest example
is the role played by retroelements and reverse transcription in
telomere maintenance (24).

The evolution of linear chromosomes has presented a par-
ticular difficulty for chromosome replication. Chromosome ter-
mini become shorter after each round of DNA replication due
to the inability to completely replicate chromosome ends. For
most organisms, telomerase extends chromosome ends by us-
ing telomeric RNA as a template for reverse transcription (5,
15, 23, 26, 33, 34, 47, 53). A clear link between retrotrans-
posons and telomerases has recently been revealed by the
cloning of the telomerase catalytic subunit from Euplotes,
yeast, and humans (26, 33, 34). Amino acid sequence analysis
of the catalytic subunit indicates that it is related to retrotrans-
poson reverse transcriptases. This suggests that during the
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evolution of linear chromosomes, a reverse transcriptase may
have been borrowed from cellular retrotransposons and used
to maintain chromosome ends (11).

In some instances, retrotransposons play a direct role in
counterbalancing the telomeric sequence loss that occurs as
a consequence of DNA replication. Drosophila melanogaster
telomeres, for example, are made up of the non-long terminal
repeat retrotransposons HeT-A and TART (24). Telomere
extension occurs through preferential integration of these
elements onto chromosome ends (3, 46). In addition, an
increasing number of retroelements have been identified in
the telomeric and subtelomeric regions of other species. These
include the SARTI and TRASI clements of silkworms, the
Zepp elements of Chlorella, and the Ty5 retrotransposons of
Saccharomyces (17, 37, 50, 54). The presence of these elements
at telomeres suggests that they may contribute to telomere
maintenance.

Recombination can also compensate for the telomere short-
ening that results from DNA replication. Amplification of
chromosome end sequences can occur through recombination
between telomeric or subtelomeric repeats (27, 29, 39, 41, 51).
Recombinational amplification of yeast subtelomeric repeats
can overcome telomerase defects and suppress the decreased
life span phenotype typically associated with such mutations
(30, 31). This amplification requires the host’s homologous
recombination system, namely, the RADS2 gene product.

Our laboratory works on the Ty5 retrotransposons of Sac-
charomyces, which integrate preferentially into silent chroma-
tin (54, 55). Silent chromatin encompasses yeast telomeres and
the silent mating loci and is important in mediating Ty5’s
target preference (22, 56). Ty5 can recognize domains of silent
chromatin, and a single amino acid change at the border of
integrase and reverse transcriptase abolishes target specificity
(14). We have previously shown that in addition to integration,
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Ty5 ¢cDNA recombines at high frequencies with homologous
substrates (20). In this study, we demonstrate that Ty5 cDNA
also recombines preferentially with substrates located in silent
chromatin. The preferential amplification of TyS5 at the telo-
meres through both integration and recombination demon-
strates how retrotransposons can contribute to telomere dy-
namics.

MATERIALS AND METHODS

Strains. Yeast strains used in this study were YPH499 (MATa GAL trpl A63
ura3-52 leu2AI his3A200 lys2-801 ade2-101), W303-1A (MATa ade2-1 canl-100
his3-11,15 leu2-3 trpl-1 ura3-1), and their isogenic derivatives. The Escherichia
coli strain XL1-blue (Stratagene) was used for recombinant DNA manipulations.

Plasmids. Several plasmids (CEN based) carrying either wild-type or mutant
TyS elements were used to measure recombination: pNK254 (wild-type Ty5),
pNK255 [DD(35)E mutation; in-611], pNK530 [DD(35)E and targeting domain
double mutant; in-611,1094], pNK535 (polypurine tract [PPT] mutant), pNK536
(U3-tip mutant), and pNK537 (Ty5-HIS3). For coding-sequence mutations, the
number refers to the modified amino acid in Ty5’s single open reading frame
(e.g., in-611). The strains used to calculate cDNA recombination frequencies
included YPHA499, rad derivatives of YPH499, and W303-1A strains containing
various Ty5 insertions (19, 54, 55).

Plasmid pNK254 contains Ty5 under the transcriptional control of GALI-10
upstream activating sequences and a his3A1 selectable marker (GALI-Ty5- his3AI)
(20). The Ty5 elements with mutations in the DD(35)E domain (pNK255), the
PPT (pNKS535), or the U3 tip (pNK536) were constructed by PCR-based site-
directed mutagenesis of Ty5 subclones (pSZ125, integrase; pNK532, 3'-end se-
quences) (8). Primer DVO238 (5'-GTCGGATCTGTTCGTGCAGCCAATGG
TACAGAATT-3") was used to change the second aspartate residue of the DD
(35)E domain of integrase and the flanking threonine residue to alanine; primer
DVO685 (5'-TTCAGTTATCCCCCCTTGTTGAATG-3") was used to change
the putative TyS PPT GGGGGGA immediately upstream of the Ty5 3" LTR
to CCCCCCT; primer DVO686 (5'-ATGGGGGGACCTTGAATGTG-3") was
used to change the first two nucleotides in the Ty5 3’ LTR from TG to CC. All
mutated fragments were confirmed by DNA sequencing and used to replace
the corresponding wild-type regions of pNK254. pNK530, which contains the
DD(35)E mutation (in-611) and the Ty5 integration targeting domain mutation
(in-1094) (14), was constructed by replacing the XhoI-Hpal fragment of pXW137
with the corresponding fragment from pNK255. pNKS538 is a derivative of
pNK255 that lacks the artificial intron in HIS3; it was obtained by rescue of a
His™ plasmid generated by Ty5 cDNA recombination.

The recombination substrates used to determine the role of the Ty5 LTR in
c¢DNA recombination were constructed by cloning Ty5 fragments into pRS426
(9) from pNK318 (full-length Ty5 in pRS426) (20) or pXW25 (GAL1-Ty5-neoAl
[14a]) (see Fig. 6). pNK396 contains the 1.6-kb EcoRI fragment of pNK318,
pNK395 contains the 1.0-kb EcoRI-Nrul fragment of pNK318, pNK394 contains
the 0.6-kb EcoRI-Nrul fragment of pNK318, pNK317 contains the Ty5 LTR,
pNK322 contains the 0.9-kb Nrul-Sacll fragment of pNK318, pNK323 contains
the 1.9-kb NrulI-Sacll fragment of pXW25 (which includes neoAI), and pNK397
contains the 1.7-kb Nrul-EcoRI fragment of pXW25.

The LTR deletion constructs were made by a PCR-based method with the
LTR clone pNK317 as a template (see Fig. 7). Each fragment was PCR amplified
by the primers noted in parentheses: pNK413 contains the first 189 bp of the
LTR (DVO278 [5'-CCGCTCGAGTGTTGAATGTGATAACCCA-3'] and
DVO0329 [5'-CGGGATCCTATATGTTATGTAAATG-3']), pNK355 contains
the last 185 bp of the LTR (DVO279 [5'-CCGCTCGAGTAATGTTTTAGACA
AG-3'] and DVO190 [5'-TGGATCCTGTTGACGTAGTGAATTA-3']), pNK415
contains the first half of the LTR (DVO278 and DVO328 [5'-CGGGATCCTT
AAGTACTGTCGGATC-3']), pNK416 contains the internal half of the LTR
(DVO279 and DVO329), pNK412 contains the second half of the LTR (prim-
ers DVO327 [5'-CGGGATCCATAGTTTCTGTGTACAAG-3'] and DVO190),
and pNK414 contains the last one-third of the LTR (DVO214 [5'-CCCTCGA
GCATTTACATAACATATAGAAAG-3'] and DVO190). Additional recombi-
nation substrates included pNK311, which contains the XhoI-BamHI fragment of
pNK318, and pNK305, which contains the Xhol-BamHI fragment of pNK318
that has a deletion of the first 170 bp of the LTR (the Ty5 promoter) (19, 54).

The TyS subclones that contain point mutations were constructed as follows
(see Fig. 8). The BamHI site was first generated at the junction between the 5’
LTR and the internal region by cloning the BamHI fragment of pNK354 into
pNK317 to generate pNK411, and the internal HindIII site of pNK411 was filled
in with Klenow to generate pNK418 (2). pNK419 was constructed by replacing
the Xhol-BamHI fragment of pNK349 with that from pNK418.

Strain construction. One-step gene disruption (42) was used to make the rad
derivatives of YPH499. pRR46 contains the RAD! gene with the region from
—212 to +3853 replaced by LEU2 (the kind gift of L. Prakash and S. Prakash)
(40). This plasmid was digested with BamHI before YPH499 was transformed by
the lithium acetate method (2). Leu™ transformants were confirmed to be radl
by testing their UV sensitivity and by Southern blot analysis. pPSM21 contains the
RADS2 gene with a TRPI insertion (the kind gift of L. Prakash and S. Prakash).
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After digestion of pSM21 with BamHI and transformation of YPH499, Trp*
transformants were confirmed to be rad52 by Southern blot analysis. The radl
rad52 strain was constructed by transforming the radl strain with BamHI-di-
gested pSM21. Trp* transformants were confirmed to be rad52 by Southern blot
analysis.

Recombination assays. In assays used to study the effect of integrase, the PPT,
the LTR end sequences (U3 tip), or RAD genes on TyS5 cDNA recombination,
the plasmid-borne Ty5 elements served as both the donor and recipient
elements. pNK254 (wild-type Ty5), pNK255 (in-611), pNK535 (PPT mutant),
and pNK536 (U3-tip mutant) were transformed into YPH499 and its derivative
rad strains. Three independent transformants were used for all analyses. Trans-
position assays were conducted as previously described (20). His™ colonies (62 to
300) were used to calculate the proportion of plasmid events in all strain com-
binations. This was calculated by dividing the number of colonies that did not
grow on synthetic complete medium without histidine and with 5-FOA (SC-H-
5-FOA) by the number of colonies that grew on SC-H medium (see Fig. 1A). Ten
individual plasmid events generated by the Ty5 integrase DD(35)E mutant (in-
611) in the wild-type strain were then subjected to Southern blot analysis or
plasmid rescue followed by restriction mapping to determine whether they were
derived by recombination.

To determine whether Ty5 ¢cDNA could recombine with Ty5 substrates lo-
cated within silent chromatin, W303-1A strains with de novo Ty5 insertions at
different chromosomal locations were used: W3 (internal region of chromosome
XI); W9 (HMR); and W2, W77, and W84 (chromosome III left telomere) (54,
55). To facilitate the identification of new integration or recombination events by
genetic selection, the functional HIS3 genes in these TyS insertions were re-
placed with his3AI to generate strains YNK570 (W3-AI), YNK566 (W9-AI),
YNK567 (W2-AI), YNK568 (W77-Al), and YNKS569 (W84-Al) (19). pNK254
(wild-type Ty5), pNK255 (in-611), and pNK530 (in-611,1094) were then intro-
duced into these strains to serve as cDNA donor elements. Transposition assays
were conducted, and recombination and integration events were selected by
reconstitution of the functional HIS3 gene. Chromosomal and plasmid events
were distinguished by whether they could grow on SC-H-5-FOA plates.

Southern blot or PCR analysis was used to discriminate between chromosomal
recombination and integration events. For Southern blots, DNAs were digested
with enzymes that cut once within Ty5; strains generating one band were scored
as marker exchanges, strains with the original band and a 6.5-kb band were
scored as tandem elements, and strains with the original band and a novel band
were scored as integration events. Putative recombination events were confirmed
by additional enzyme digestions. For PCR analysis, TyS primers that flank the
his3AI marker were used: DVO445 (5'-CAGAATCATTCAAAGCACATAG-
3") and DVO496 (5'-CTTGTCTAAAACATTACTGAAACAAT-3"). Strains
whose DNA gave a PCR product without the intron (1.15 kb) were scored as
marker exchanges; strains whose DNA generated a band with the intron (1.25
kb) were scored as gene conversion of the chromosomal his3-11,15 locus; strains
whose DNA yielded two bands (1.15 and 1.25 kb) were scored as having either
integrated or tandem elements. Tandem elements were distinguished from in-
tegration events by the presence of a PCR product (1.5 kb) by using primer
DVO445 and the Ty5 GAG primer DVO497 (5'-GGGATTAGATAGATTAA
TTATGGTCTCT-3").

The above-mentioned chromosomal substrates were tested for their effective-
ness in recombining with linear DNA (transplacement). Plasmid pNK538, con-
taining GAL1-Ty5-HIS3, was digested with Xhol and NotI and the 6.5-kb Ty5-
HIS3 fragment was gel purified and transformed into each of the strains. These
strains also carried the TyS-containing plasmid pNK255 (in-611). The linear Ty5-
HIS3 DNA could recombine with either the plasmid (pNK255) or chromosomal
substrate to generate His™ colonies. These two events were distinguished by
whether the His™* cell could grow on SC-H-5-FOA plates. The ratio between
chromosomal and plasmid events served as a measure of the chromosomal
substrate’s effectiveness in recombination with linear DNA.

The strain with a telomeric insertion (YNKS568; W77-AlI) was used to deter-
mine whether Ty5 cDNA recombination occurs during mating. This telomeric
element thus served as both the cDNA donor and recipient. YNK568 was in-
duced to transpose by exposure to the a-factor mating pheromone as described
previously (19). Transposition and recombination events were selected on SC-H
plates. A total of 32 His™ colonies were analyzed by Southern blotting. Using the
enzyme Hpal, which only cuts once in Ty5, recombination events were scored as
having only the original Ty5 fragment (marker exchange) or the original Ty5
fragment and a 6.5-kb band (tandem elements). Putative recombination events
were further confirmed by Southern analysis with different enzymes.

The cDNA donor element and recombination substrates were separated in the
assays used to determine the role of the LTR in cDNA recombination (see Fig.
1B). The donor GALI-Ty5-neoAIl was integrated into the chromosomal LEU2
locus to generate strain YNK364 (20). The plasmid substrates described above
were then introduced into this strain. Transposition assays were conducted as
described previously (20), and recombination and integration events were se-
lected on YPD-G418 plates. Total yeast DNA was prepared and transformed
into E. coli. The recombinant frequency for a particular plasmid substrate (both
integration and recombination events) was calculated by dividing the number of
Amp" Kan" colonies by the total number of Amp* colonies. Several recombinants
were characterized by restriction mapping and DNA sequence analysis to deter-
mine whether the recombinants were derived from recombination or integration
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FIG. 1. Recombination assays used in this study (originally described in reference 20). (A) Transcription of a plasmid-borne GALI-Ty5-his3AI element is induced
by growing cells in galactose medium. After transcription and reverse transcription, the Ty5 cDNA with its functional HIS3 gene either integrates into chromosomes
or recombines with plasmid substrates. This generates His™ colonies. Integration and recombination events are distinguished by whether the His™ cells can grow on
SC-H-5-FOA plates. (B) Transcription and reverse transcription of a chromosomal GAL1-Ty5-neoAI element gives rise to Ty5 cDNA carrying the neo gene. This cDNA
can either integrate or recombine with chromosomal or plasmid targets. Plasmid recombinants containing both the neo and bla genes will confer an Amp" Neo®
phenotype when introduced into bacteria; all plasmids will confer an Amp" phenotype. Recombination frequencies are calculated as the product of the recombinant
frequency and the proportion of recombinants due to recombination. The arrowheads inside the elements represent LTRs.

events. Recombination frequencies were calculated as the product of recombi-
nant frequencies and the recombination proportion.

RESULTS

Effect of Ty5S integrase and Rad52p on Ty5 ¢cDNA recombi-
nation. We previously developed a TyS transposition assay
in S. cerevisiae which used a functional Ty5 element from
Saccharomyces paradoxus (54). This element carries a HIS3
marker gene, which is rendered nonfunctional by the presence
of an inactivating intron (his34I). Transposition events are
selected after reconstitution of a functional HIS3 gene by tran-
scription, intron splicing, and reverse transcription of TyS5
mRNA (Fig. 1). In addition to integration, TyS cDNA also
recombines at high frequency with homologous substrates (20).
Two classes of recombination products are recovered: ele-
ments that have exchanged markers between the cDNA and
the substrate and tandem elements. To determine the relation-
ship of the integration and recombination pathways and to
determine the host recombination system(s) involved in Ty5
cDNA recombination, Ty5 integrase and RAD gene mutants
were characterized for their effects on TyS cDNA entry into
the genome.

Integrase is responsible for the integration of retroelement
c¢DNA into target DNA, and a portion of its catalytic domain
is conserved among all retroviruses, retrotransposons, and
even some bacterial transposons (43). The catalytic domain is
characterized by two invariant aspartates, the second of which
is separated by 35 residues from a glutamate [DD(35)E] (Fig.
2). In studies with retroviruses, such as human immunodefi-
ciency virus type 1, avian Rous sarcoma virus, and the yeast
retrotransposon Ty3, mutations in any of these three residues
dramatically reduce integration (21, 48). Ty5 integrase was
mutated by changing to alanine the second aspartate residue of
the DD(35)E domain and an adjacent threonine residue (in-
611 [Fig. 2]). Transposition assays were conducted (as de-
scribed in Fig. 1A), and a sevenfold decrease in the overall

frequency of His™ cell formation was observed (Fig. 3A). If
HIS3 is carried on the URA3-based donor plasmid, the cells
cannot grow on SC-H-5-FOA medium because the 5-FOA is
converted by Ura3p to a toxic substance that kills the host cell
(7). Recombinant plasmids, therefore, were scored as His™
5-FOA?® papillae; for all of the 246 His™ events, the HIS3 gene
was plasmid associated. Characterization of 10 individual plas-
mid events by Southern blot analysis and restriction mapping
indicated that all arose by recombination (Fig. 3C and data not
shown). The recombination products fell into two classes (Fig.
3B and C): seven marker exchanges and three tandem ele-
ments, which is similar to the ratio generated by wild-type Ty5
elements (20). This indicated that the DD(35)E domain is
essential for integration and that integrase mutants generate
His™ cells through ¢cDNA recombination with plasmid ele-
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FIG. 2. Ty5 mutants used in this study. A full-length Ty5 element is shown,
with the arrowheads indicating the LTRs. in-611 has a mutation in the DD(35)E
domain of integrase; the conserved aspartic acid and glutamic acid residues that
define this domain are boxed. in-1094 has a Ser-to-Leu substitution that abol-
ishes targeted integration to silent chromatin (14). U3-tip denotes the first two
nucleotide sequences at the 5’ end of the 3’ LTR. The nucleotide changes in the
PPT and U3-tip mutants are noted. All mutations were generated by site-
directed mutagenesis. RB, RNA binding domain; PR, protease; IN, integrase;
RT, reverse transcriptase; RH, RNase H.
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A
Strains/Ty5 His* frequency (X10"%)  Proportion plasmid events
YNK366/WT 0.538 + 0.202 104/298 (34.9%)
YNK369/in-611 0.077 £ 0.018 246/246 (100%)
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FIG. 3. Structural analysis of recombination events generated by a Ty5 inte-
grase mutant. (A) The overall His* frequency and the proportion of recombi-
nation events are shown for the Ty5 integrase mutant and the wild-type Ty5
element. The data were determined by the assay shown in Fig. 1A. (B) Maps of
Ty5 donor element and recombination products. The arrowheads represent
LTRs. (C) Southern blot analysis of 10 individual His™ colonies generated by the
Ty5 integrase mutant (in-611). The upper arrow indicates the restriction frag-
ment of the donor Ty5 element. For lanes with a single hybridizing restriction
fragment, this band represents the his34/ marker that has been converted by
marker exchange to a functional HIS3 gene. The second hybridizing restriction
fragment in some lanes (lower arrow, labeled “II”) is derived from tandem
elements.

ments and not with the degenerate native S. cerevisiae ele-
ments.

Recombination in S. cerevisiae is influenced by some genes
involved in DNA repair (38): RAD52, a recombinational repair
gene, is responsible for most homologous recombination, and
RADI, an excision repair gene, is involved in direct-repeat
recombination (25, 44). To evaluate the roles of RADI and
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RADS52 in TyS cDNA recombination, donor plasmids contain-
ing either Ty5 or the TyS integrase mutant were introduced
into wild-type, radl, rad52, or radl rad52 strains. Transposition
assays were conducted for each construct and strain combina-
tion, and the overall His™ frequencies and the percentage of
recombination events were determined (Table 1). The fre-
quency of plasmid events was considered a measure of recom-
bination; the frequency of chromosomal events was considered
a measure of integration (20). In the rad52 strain, the overall
His™ frequency dropped 2.6-fold for the wild-type Ty5 ele-
ment, and most His* events were due to integration. RADI
mutations, in contrast, did not have much effect on either the
overall His™ frequencies or the recombination frequencies. In
radl rad52 double mutants, the His™ frequency and recombi-
nation proportion were similar to those of the rad52 strain.
However, in rad52-TyS integrase double mutants, the overall
His™ frequency showed a synergistic reduction of more than
800-fold. This indicates that integration and RAD52-depen-
dent homologous recombination are the two major pathways
by which Ty5 cDNA enters its DNA targets.

Integration is impaired by mutations in the PPT or the LTR
end sequences. Retroelement mRNA contains a primer bind-
ing site adjacent to the 5" LTR where minus-strand cDNA
synthesis initiates from a complementary host tRNA. A PPT
adjacent to the 3’ LTR serves as the priming site for plus-
strand DNA synthesis. Reverse transcription proceeds through
a series of two-strand transfers, ultimately resulting in a linear
retroelement cDNA with two flanking LTRs. Integrase recog-
nizes sequences at the ends of the cDNA (10), and the dinu-
cleotide end sequences (TG at the U3 tip and CA at the U5
tip) are nearly invariant among retroviruses and retrotrans-
posons. For Tyl, mutations in the PPT or the U3 and U5 tips
largely abolish integration and result in elevated frequencies of
recombination (45).

The putative PPT (GGGGGGA) immediately upstream of
the Ty5 3’ LTR was changed to the corresponding pyrimidines
(CCCCCCT) (Fig. 2). These changes should impair plus-
strand priming and block reverse transcription after minus-
strand cDNA synthesis. In a separate construct, mutations
were introduced in the U3 tip by changing the dinucleotide TG
to CC at the 5" end of the 3" LTR (Fig. 2). Since the U3
sequence in the 3" LTR is used as a template during reverse
transcription for the synthesis of both LTRs, cDNA synthe-
sized from the mutant would be expected to have CC instead
of TG at the 5" ends of both LTRs. Plasmids containing the
mutant TyS elements (pNK535 for the PPT mutant and
pNKS536 for the U3-tip mutant) were transformed into wild-
type and rad52 strains. The transposition and recombination
frequencies were calculated as described above. As with the

TABLE 1. Recombination of Ty5S cDNA generated by wild-type and integrase mutant (in-611) elements in different rad strains”

Strain Ty5 genotype/strain His" frequency His™ frequency Plasmid events/total Chromosomal
genotype (107>) relative to wt (%) events/total (%)

YNK366 wt/wt 8.85 = 0.30 1.00 59/105 (56.2) 46/105 (43.8)
YNK372 wt/radl 7.26 = 0.12 0.82 54/145 (37.2) 91/145 (62.8)
YNK378 wt/rad52 3.34 = 0.05 0.38 1/119 (0.8) 118/119 (99.2)
YNK384 wt/radl rad52 2.54 = 0.08 0.29 1/140 (0.7) 139/140 (99.3)
YNK369 in-611/wt 1.15 £ 0.02 0.13 69/70 (98.6) 1/70 (1.4)
YNK375 in-611/radl 1.24 = 0.01 0.14 128/128 (100.0) 0/128 (0.0)
YNK381 in-611/rad52 <0.01 <0.01 NA NA
YNK387 in-611/radl rad52 0.01 = 0.01 <0.01 NA NA

“His" frequency was calculated by dividing the His™ cell number by the total Ura™ cell number. The His™ frequency relative to wild type (wt) was calculated by
dividing the His™ frequencies of different strains by the His* frequency of a wild-type strain carrying a wild-type Ty5. The recombination proportion was calculated
by dividing the His™ 5-FOAS® cell number by the His™ cell number (column 4). The remaining His* events were chromosomal events. NA, not applicable.
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TABLE 2. Effects of Ty5S PPT and U3-tip mutations on integration and recombination®

Strain Ty5 genotype/strain His* frequency His™ frequency Plasmid events/total Chromosomal
genotype” (107°) relative to wt (%) events/total (%)
YNK366 wt/wt 6.23 = 1.20 1.00 28/80 (35.0) 52/80 (65.0)
YNK959 PPT mutant/wt 1.74 = 0.29 0.28 76/79 (96.2) 3/79 (3.8)
YNK960 U3-tip mutant/wt 1.76 = 0.52 0.28 77/82 (93.9) 5/82 (6.1)
YNK378 wt/rad52 2.99 = 0.88 0.48 1/89 (1.1) 88/89 (98.9)
YNKO961 PPT mutant/rad52 0.06 = 0.06 0.01 1/29 (3.4) 28/29 (96.6)
YNK962 U3-tip mutant/rad52 0.10 = 0.05 0.02 1/26 (3.8) 25/26 (96.2)

“His* frequency and the proportion of plasmid and chromosomal events were determined as described in footnote a to Table 1.

U3 tip, the first two nucleotides at the 5’ end of the 3’ LTR.

integrase mutant, the overall His™ frequencies dropped four-
fold in the wild-type strains, and more than 90% of the His™
events were due to plasmid recombination (Table 2). In rad52
strains, there was a synergistic reduction in His™ frequency of
at least 50-fold. These data support our initial observation that
Ty5 uses both integration and recombination to enter the ge-
nome; recombination becomes the primary pathway if integra-
tion is crippled either by mutating Ty5 integrase or the cDNA
end sequences to which integrase likely binds or by preventing
plus-strand DNA synthesis.

TyS cDNA recombines at higher frequencies with substrates
associated with silent chromatin. Although Ty5 cDNA recom-
bines at high frequency with plasmid substrates, we have
never observed recombination with native S. cerevisiae Ty5
sequences. This could be due to two reasons: native Ty5 ele-
ments are bound in silent chromatin, which may render them
inaccessible to the host’s recombination system, or native Ty5
sequences may be too degenerate to serve as effective sub-
strates with the S. paradoxus element used in the assays. To
distinguish between these possibilities, Ty5 insertions (100%
identical to the donor element) were introduced at different
chromosomal locations and used as recombination substrates
(W9-AL, HMR; W77-Al, telomere; W3-Al, control [Fig. 4A])
(19). The control substrate, W3-Al, is transcriptionally active,
whereas the substrates in silent chromatin (W9-AI and W77-
Al) are transcriptionally repressed (19). Plasmids carrying do-
nor elements were then introduced into these strains, and
transposition assays were conducted. Transposition or recom-
bination events were selected by the reconstitution of the HIS3
marker gene. Chromosomal and plasmid events were distin-
guished by whether the His™ cells could grow on SC-H-5-FOA
medium. Products of recombination with chromosomal sub-
strates were then identified by Southern blot analysis (data not
shown).

A Ty5 element with an integrase mutation (in-611) was ini-
tially used as the cDNA donor, since the majority of His™
events generated by this construct are due to recombination.
The effectiveness of a particular chromosomal element as a
recombination substrate was evaluated by the ratio of chromo-
somal recombination events to plasmid recombination events;
that is, the number of plasmid recombinants served as an
internal reference. Interestingly, we found that TyS cDNA
recombines approximately 3.2-fold more frequently with sub-
strates associated with silent chromatin than with the internal
substrate, W3-Al (1.24 for W9-AI and 1.25 for W77-Al versus
0.39 for W3-Al) (Fig. 4B). This was not because the internal
substrate is a recombinational cold spot; when linear TyS DNA
carrying a functional HIS3 gene was transformed into the
above-mentioned strains, it recombined at slightly higher fre-
quencies with the internal substrate than with substrates in
silent chromatin. The parental strain, W303-1A, which does
not contain any chromosomal Ty5 substrates, was used as a

negative control; in this strain the majority of His™ events
arose through recombination with plasmid substrates. This
demonstrates that Ty5 cDNA can recombine efficiently with
homologous substrates in silent chromatin and that degenerate
endogenous Ty5 sequences are not effective recombination
substrates.

To determine whether the preferential recombination with
substrates in silent chromatin was influenced by the in-611
mutation, cDNA recombination for a wild-type TyS donor
element was also evaluated. The overall frequency of His™ cell
formation was comparable to that of the parental strain (Fig.
4C). Twelve independent chromosomal events for each strain
were subjected to Southern blot analysis to distinguish between
integration and recombination events (data not shown). As

A

W3-Al YKRO39W
W3-Al (Chromosome Xl internal):

a2 a
WS-Al (HMR):

(HMA) we-al E !
W2-Al, W77-Al, W84-Al W2-AIWTT-Al - g5y
(Chromosome Ill left telomere): LX_ I =

wsa4-Al
B
Strains Ty5/location Chromosomal events/ plasmid events
Ty5 (in-611)  Ty5-HIS3
YNK643 in-611/no Ty5 1/20 (0.05)  2/33 (0.06)
YNK637 in-671/YNK570 (int, W3-Al) 22/56 (0.39) 41/31 (1.32)
YNK639 in-611/YNK566 (HMR, W9-Al) 2117 (1.24)  12/14 (0.86)
YNK641 in-611/YNKS568 (telo, W77-Al) 30/24 (1.25) 19/22 (0.86)
C
Strains TyS/location His"'frequgncies Chromosomal
(107°) recombination events
YNK635 WT/no Ty5 4.93 + 0.01
YNK631 WT/YNK570 (int, W3-Al)  5.45 + 1,03 0112
YNK632 WT/YNK566 (HMR, W9-Al) 5.76 + 0.70 2112
YNK633 WT/YNK568 (telo, W77-Al) 6.35 + 0.24 312

FIG. 4. Ty5 cDNA recombines preferentially with substrates located within
silent chromatin. (A) Three strains with Ty5 insertions at different chromosomal
locations. These Ty5 insertions contain the his34I marker to facilitate selection
of recombination and integration events. YKRO39W is an anonymous open
reading frame. Ty5-1 is an endogenous Ty5 insertion with flanking LTRs de-
picted as boxes with arrowheads. Solo endogenous Ty5 LTRs are shown at HMR.
E and I designate the HMR transcriptional silencers; T designates the telomeric
TG,_; repeats; X designates the subtelomeric X repeat. (B) Recombination
frequency with chromosomal substrates and a donor element with an integrase
mutation. A plasmid with a Ty5 integrase mutant (in-611) was introduced into
the above-mentioned strains. Transposition assays were conducted, and the chro-
mosomal and plasmid recombination events were distinguished by whether His™
cells could grow on SC-H-5-FOA plates. (C) Recombination frequency with
chromosomal substrates and a wild-type (WT) donor element. int, internal; telo,
telomeric.
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TABLE 3. Preferential recombination of Ty5 cDNA with telomeric substrates requires the domain responsible for Ty5 integration specificity

No. of chromosomal recombination events/no. of plasmid events (frequency)”

Strain TyS location TyS in-611 TyS in-611,1094
TP assay TF with Ty5-HIS3 TP assay
W303-1A No Ty5 1/22 (0.05) 2/33 (0.06) 0/24 (0.00)
YNKS570 Internal; W3-Al 11/18 [4/10] (0.24) 41/31 (1.32) 13/12 [4/10] (0.43)
YNKS567 Telomere; W2-Al 27/14 [7/10] (1.35) 14/19 (0.74) 25/29 [8/9] (0.77)
YNKS568 Telomere; W77-Al 45/24 19/10] (1.69) 19/32 (0.59) 18/39 [9/10] (0.42)
YNKS569 Telomere; W84-Al 26/23 [8/10] (0.90) 28/14 (2.00) 21/37 [9/10] (0.51)

“ TP, transposition; TF, transformation; in-6/1, DD(35)E mutant of Ty5 integrase; in-611,1094, DD(35)E and targeting domain double mutant; Ty5-HIS3, Ty5
element with the functional HIS3 gene. The number in brackets is the proportion of chromosomal recombination based on PCR analysis; this proportion was multiplied

by the ratio of chromosomal events to plasmid events to give the frequency.

with the integrase mutant (in-611), the wild-type Ty5 cDNA
recombined preferentially with substrates associated with si-
lent chromatin (2 of 12 for W9, 3 of 12 for W77, and 0 of 12 for
W3). This suggests that silent chromatin directs cDNA recom-
bination.

Preferential recombination of Ty5 cDNA with telomeric sub-
strates requires the Ty5-encoded domain that mediates inte-
gration specificity. Mutations in a single amino acid (amino
acid 1094) near the boundary of Ty5 integrase and reverse
transcriptase abolish preferential integration of TyS to regions
of silent chromatin (Fig. 2) (14). Although it is not yet known
whether this mutation lies within integrase or reverse tran-
scriptase, we have designated this allele as in-1094 because of
its integration phenotype. Since this amino acid is essential for
integration specificity, it may also contribute to the observed
preference of Ty5 cDNA to recombine with substrates in silent
chromatin. To test this hypothesis, a TyS double mutant (in-
611,1094) that contained both the DD(35)E mutation (in-611)
and the targeting domain mutation (in-1094) was constructed.
Transposition and recombination frequencies were tested for
the in-611,1094 mutant, and they did not differ significantly
from that of the in-611 single mutant (data not shown). Plas-
mids carrying the integrase double mutant were transformed
into the strains with Ty5 substrates at the telomeres (W2-Al,
W77-Al, and W84-AlI [Fig. 4A]) or in the internal region on
chromosome XI (W3-Al [Fig. 4A]). For comparison, the
assays were conducted in parallel with in-611. Note that in
contrast to the experiments described in the previous section,
two additional telomeric recombination substrates were tested.
Transposition assays were conducted, and chromosomal and
plasmid His™ events were distinguished by whether the His™*
cells could grow on SC-H-5-FOA plates. Chromosomal events
were further analyzed by a PCR assay to determine whether
they were the result of gene conversion of the endogenous
his3-11,15 locus by the HIS3-containing cDNA, recombination
with the chromosomal Ty5 substrates, or integration.

As in the previous experiments, the effectiveness of chromo-
somal substrates for recombination was measured by using the
frequency of plasmid recombination events as an internal ref-
erence. In this experiment, however, the ratio of His™ chro-
mosomal events to plasmid events was further adjusted by
multiplying this ratio by the proportion of chromosomal re-
combination events as determined by the PCR analysis (Table
3); this effectively excluded events due to gene conversion of
his3-11,15 and integration. The data confirmed that for in-611,
Ty5 cDNA recombines preferentially with telomeric substrates
(at least 3.8-fold higher frequency) compared to the substrate
at the internal chromosomal locus. Again, this preference was
not because the internal substrate is a recombination cold spot;
a transplacement experiment conducted with the linear Ty5-

HIS3 DNA demonstrated that the internal substrate recom-
bined at a frequency comparable to that of the telomeric sub-
strates. In contrast to in-611, the in-611,1094 double mutant
did not show elevated recombination at the telomeres. This
indicates that preferential cDNA recombination with sub-
strates in silent chromatin is mediated by the TyS targeting
domain.

It is interesting to note that for strains with Ty5 substrates at
the telomeres, most of the chromosomal events (=90%) were
due to either cDNA recombination with the chromosomal Ty5
substrates or gene conversion of the his3-11,15 locus. However,
for the internal Ty5 substrate W3-Al, only 60% of the events
were due to recombination and the other 40% were due to
integration. This difference in the observed frequency of
integration events is consistent with differences in the basal
transcriptional activity of the substrate elements. We have
previously shown that W3-AlI has low levels of basal Ty5 tran-
scription and transposition (19). This contrasts with Ty5 ele-
ments in silent chromatin, which are transcriptionally re-
pressed and do not spawn additional transposition events.

TyS cDNA recombines with a telomeric substrate when ex-
posed to mating pheromones. In their native state, the tran-
scription of most Ty5 elements is silenced by telomeric chro-
matin (19). Since transcription is required for transposition,
this would prevent cDNA synthesis and subsequent integra-
tion or recombination. Transcriptional activation of ele-
ments bound in silent chromatin, however, can be achieved
by exposure to mating pheromones, indicating that Ty5 nor-
mally transposes during mating (19). Transcription and trans-
position of a telomeric Ty5 element (W77-Al) was induced by
exposure to mating pheromone (a-factor) to test whether Ty5
c¢DNA can recombine with this homologous telomeric sub-
strate during pheromone activation. Thirty His* colonies were
randomly picked and subjected to Southern blot analysis with
an integrase-specific probe. Recombination events were scored
as either marker exchange (the presence of only the original
Ty5 band) or tandem elements (the original band plus a 6.5-kb
band). Integration events were scored as the original band plus
a novel band. Of the 30 events characterized, 13 were due to
recombination (eight marker exchanges and five tandem ele-
ments) (Fig. 5 and data not shown). Two of the five tandem
elements were present in multiple copies (Fig. 5, lane **). This
suggests that during mating, when Ty5 transcription and trans-
position naturally occur, Ty5S cDNA also recombines at high
frequencies with telomeric elements.

Ty5 LTR is important for tandem element formation but not
for marker exchange. Recombination between telomeric and
subtelomeric repeats plays a role in telomere maintenance (30,
31, 39, 51). For the S. cerevisiae Y' elements, recombinational
amplification can overcome telomerase defects (30). The en-
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FIG. 5. Recombination of a telomeric Ty5 induced by mating pheromones.
His™ colonies were selected after inducing transcription and transposition of a
telomeric element (W77-Al) by exposure to a-factor. Results of a representative
Southern hybridization analysis with 11 randomly picked His™ colonies are
shown. One asterisk indicates marker exchanges, and two asterisks indicate tan-
dem elements; unlabeled lanes indicate integration events. Note that the tandem
elements appear to contain multiple Ty5s, based on hybridization intensity.

hanced recombination of Ty5 cDNA at the telomeres suggests
that it could play a similar role, particularly when sequences
are amplified through the formation of tandem or multiple-
tandem elements. In a previous study, we found that the Ty5
LTR was critical for generating tandem elements (20). Internal
Ty5 sequences, although not good recombination substrates,
could facilitate tandem element formation when coupled with
a Ty5 LTR. We proposed that tandem elements were formed
through recombination between the LTRs of the cDNA and
the substrate. In our models, internal homology facilitated base
pairing and therefore the formation of tandem products.
Confirmation of the critical role played by the Ty5 LTR in
forming tandem elements is shown in Fig. 6A. Plasmids carry-
ing previously untested recombination substrates (Ty5 internal
fragments or a Ty5 LTR) were introduced into a strain with an
integrated GALI-Ty5-neoAI element (YNK364). Recombina-
tion frequencies for each substrate were calculated as de-
scribed previously (Fig. 1B). All substrates lacked sequences
flanking the marker gene, and the only recombination products
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observed were tandem elements. The LTR was a much better
substrate than internal sequences: the recombination fre-
quency for the LTR substrate was at least 9.3-fold higher than
for the internal sequence substrates (1.765 for pNK317 com-
pared to 0.190 for pNK396), even though the internal se-
quences were more than 2.5 times longer.

To determine whether the TyS LTR is also important for
marker exchange, we tested recombination substrates carrying
3’-end sequences with or without a LTR. For substrates with
sequences on either side of the artificial intron, most recom-
bination products were marker exchanges. Recombination fre-
quencies for Ty5 3'-end sequences with and without the LTR
were very similar (Fig. 6B). This indicates that the Ty5 LTR is
not involved in marker exchange, which is likely mediated by
homologous sequences flanking the neoAIl marker.

LTR sequences critical for tandem element formation. De-
letion analysis was used to determine whether specific Ty5
LTR sequences are important in forming tandem elements.
LTR deletion constructs were used as recombination sub-
strates in the assay shown in Fig. 1B. When one-fourth of the
Ty5 LTR was deleted from either the 5’ or 3’ end, recombi-
nation frequencies dropped only 2- to 3-fold (2.6-fold for
pNK355 and 2.0-fold for pNK413) (Fig. 7A). This indicated
that neither the 5’- nor the 3’-LTR end sequence (65 and 61
bp) is essential for forming tandem elements. However, when
one-half or more of the LTR was deleted, the recombination
frequencies dropped markedly (at least 18.8-fold for pNK416).
This suggests that either these fragments fall below the mini-
mal length required for recombination or they lack essential
features that mediate recombination.

To distinguish between these two possibilities, the substrate
from the 3’ end of the LTR in pNK414 was further analyzed.
This 80-bp LTR fragment was fused to 354 bp of internal
flanking sequence (pNK305), and the entire 251-bp LTR was
also fused to the same internal sequence as a control (pNK311).

Strains Recombination TyS fragments Recombinant Proportion of Recombination
substrates frequencles recombination frequencies (%)
(%) (marker exchanges)
A 5431 bp
YNK333  pNK318 [ = Bl NA
1406 by
YNK518  pNK396 - i— mmmeammew= 341842640 118 (0) 0.190  0.147
1050 by
YNK515 pNK395 L L L -d -———= 18433 0.109 0/18 (0) <0.102
620 by
YNK512 pNK394 L L d == 1513:0.158 2/18  (0) 0.168 £ 0.018
251 bp
YNK330  pNK317 mmmmmmmmeemme======B 24270502 811 (0) 1.765 £ 0.431
919 b
B ynksos pNK322 LR EE R R R -=& 3.608 £ 0.528  20/21 (14) 3.522 ¢ 0.503
& =3
YNK509  pNK323 mrmescccecnsemnn e . 062713346 13/15 (12) 9.210 & 2.900
675 bp
09
YNK521 pNK397 mmmeseseammene .= 93674 1.662 1415 (14) 8.743 + 1.551

FIG. 6. Ty5 LTR is critical for tandem element formation but not for marker exchange. The recombination frequencies for different Ty5 substrates were calculated
by the assay shown in Fig. 1B. (A) Internal Ty5 sequences or the LTR were used as recombination substrates; only recombination that generated tandem elements was
observed. All Ty5 fragments are drawn to scale with the exception of pNK318. (B) TyS 3’-end sequences with or without an LTR (arrowheads) were used as

recombination substrates; marker exchanges were the major class of products.
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Strains Recombination Ty5 LTR Recombinant Recombination Recombi
substrates fragments freguencies (%) propottion frequencies (%)
A 251 by
YNK330 pNK317 -= é - 1.489 3 0.048 1018 0.827 4 0.027
189 b
YNK528 pNK413 -- é --- 0.844 4 0.214 612 0.422 5 0.107
185 by
YNK363 pNK355 --- -é- - 0.760 + 0.182 512 0.320 4 0.076
125 by
YNK534 PNK415 ﬁ === <0.037 NA <0.037
123 by
YNK537 pNK416 EERE 0.161 £ 0.018 311 0,044 4 0.005
121b .
YNK525 pNK412 maua <0.047 NA <0.047
80b
YNKS31 pNK414 ====- é - 0.148 4 0.017 0/12 <0.012
B 251 b 354 by
YNK324 pNK311 == éil ==='  0.907+0.206 18/18 0.907 2 0.206
80bp 354 by
YNK321 pNK305  =====- ﬁl- == 043930127 6/6 0.439 4 0,127

FIG. 7. Deletion analysis determines the Ty5 LTR sequences (arrowheads) important in mediating tandem element formation. The recombination frequencies for
different TyS5 substrates were calculated by the assay shown in Fig. 1B. (A) LTR deletion constructs were used as recombination substrates. (B) LTR sequences coupled
with the immediately adjacent internal sequences were used as recombination substrates.

Assays were conducted to calculate the recombination fre-
quencies. As shown in Fig. 7B, the substrate in pNK305 me-
diated tandem element formation at a frequency only twofold
lower than that mediated by the substrate in pNK311. This
indicates that the 80 bp of LTR in pNK414 likely failed to
mediate tandem element formation because it fell below the
minimal length for an efficient processing segment for recom-
bination and not because it lacked some essential sequences. It
is interesting to note that since all of the TyS promoter is de-
leted in pNK305 (19), basal Ty5 transcription does not greatly
affect recombination.

Despite its importance in recombination, tandem element
formation cannot be explained by crossover events initiated
within the Ty5 LTR. The importance of the LTR in mediating
tandem element formation suggests that recombination is ini-
tiated within LTR sequences (20). To determine the recombi-
nation initiation sites, point mutations were introduced into
two recombination substrates (pNK418 and pNK419) such that
a restriction site was gained (BamHI [Fig. 8A]) or destroyed
(HindIII [Fig. 8A]). The lengths of the internal Ty5 sequences
of these substrates differed. Recombination frequencies with
both substrates were first determined and found to be compa-
rable to those with the nonmutagenized substrates (data not
shown). Recombination products were then analyzed by re-
striction mapping and DNA sequencing to determine the pat-
tern of inheritance of the mutations in the tandem elements. If
recombination was initiated within the Ty5 LTR, as proposed
by our previous models (20), class I products that have both
mutations at their 3’ ends (Fig. 8A) would be obtained. Sur-
prisingly, and in contrast to our prediction, most products from
pNK418 and all products from pNK419 had both mutations in
their 5’ ends. Sequence analysis of seven randomly selected
products for pNK418 and four for pNK419 revealed that all
carried both mutations at their 3’ ends as well (Fig. 8B). There-
fore, despite its critical role in mediating high-frequency tan-
dem element formation, recombination cannot be explained by
simple crossover events between the substrate and a full-length
Ty5 cDNA.

DISCUSSION

Reverse transcription plays an important role in replenish-
ing sequence loss that occurs at the ends of linear chromo-
somes after replication: telomerase can template sequences
onto chromosome ends by reverse transcription, as can trans-

position through reverse transcription of the D. melanogaster
telomeric HeT-A and TART retrotransposons. Recombination
between telomeric and subtelomeric repeats can also amplify
chromosome end sequences. The yeast TyS retrotransposons
use both transposition and cDNA recombination to modify
telomeric regions.
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FIG. 8. Assay to determine the initiation site for tandem element formation.
(A) Two point mutations were created in two Ty5 recombination substrates
(pNK418 and pNK419). A single asterisk indicates the site of addition of a
BamHI site; a double asterisk indicates the location at which a HindIII site was
destroyed. Based on our previous model, recombination between the LTRs
(arrowheads), which is facilitated by internal sequence homology, would gener-
ate class I products that have both markers in the 3’ element (20). (B) The
observed recombination products for substrates pNK418 and pNK419 (designat-
ed class I, II, and III). The distribution of markers was determined by restriction
mapping of the 5’ elements and by DNA sequencing of the 3’ elements.
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FIG. 9. Models for tandem element formation. The models illustrate the
formation of class III recombination products (Fig. 8), although the same models
can also generate class I and class II products. Class I and II products are formed,
depending on the site of strand invasion (A) or the extent of recession (B). A
single asterisk indicates the BarnHI mutation; two asterisks indicate the HindIII
mutation. Thick arrows represent LTRs; thin dotted lines represent newly syn-
thesized DNA; dashed thick arrows represent recessed LTR sequences. (A) Step
1. The 3’ end of partial-minus-strand Ty5 cDNA (single stranded) invades the
substrate. Step 2. branch migration and strand displacement continue through
the 5" LTR. The Holliday junction is cleaved (small arrowhead). Step 3. The
LTR at the 5" end of the invading cDNA displaces the newly synthesized LTR at
the 3’ end. This forms a looped intermediate. The 3" OH at the site of the
Holliday junction is ligated to the 5’ end of the cDNA. The strand with the free
5’ end, released from Holliday junction cleavage, is trimmed and ligated (small
arrowhead). Step 4. The mismatch repair system cleaves the top strand of the
mismatched region. DNA repair is carried out, with the bottom strand as a
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Ty5 ¢cDNA recombination requires Rad52p. The integrase
DD(35)E domain, which is conserved among all retroviruses
and retrotransposons, is the catalytic domain of TyS integrase.
Chromosomal integration events were abolished when the sec-
ond conserved aspartic acid of the DD(35)E domain and its
flanking threonine residue were mutated. The TyS integration
pathway was also blocked by mutating LTR end sequences (U3
tip), the sites where Ty5 integrase likely binds, or by mutating
the PPT. The PPT serves as the priming site for plus-strand
cDNA synthesis, and mutations block the formation of double-
stranded cDNA, the normal substrate for integration. For all
mutations that blocked the integration pathway, cDNA recom-
bination predominated. It is interesting to note that for the
PPT mutant, the frequency of cDNA recombination was sim-
ilar to that of wild-type elements. This suggests that single-
stranded, minus-strand cDNA is sufficient to mediate cDNA
recombination (see the discussion below). Our observations
are very similar to those made when the Tyl integration path-
way was disrupted by mutating either Tyl integrase, the cDNA
termini, or the PPT (45). Mutation of the DD(35)E domain
has also been shown to affect in vivo and in vitro integration of
Ty3, human immunodeficiency virus type 1, and avian sarcoma
virus (21, 48).

TyS cDNA recombination is dependent on Rad52p, which is
involved in most homologous-recombination events (38). In
contrast, mutations in R4ADI had no effect on Ty5 cDNA re-
combination. R4D]I is involved in direct-repeat recombination
and excises nonhomologous sequences between substrates (12,
44); this is not a feature of TyS cDNA recombination. Recom-
bination of Tyl cDNA also depends on the homologous re-
combination proteins RAD51 and RADS2 but not RAD1 (35,
36, 45). RAD1, however, has recently been shown to affect the
recombination of Tyl cDNA with substrates that are actively
transcribed (35).

Ty5 c¢cDNA recombination and silent chromatin. We have
previously shown that silent chromatin is required for TyS5’s
integration specificity (56). Here we demonstrate that Ty5 also
preferentially recombines with homologous substrates in silent
chromatin. To more readily recover recombination events, our
initial experiments were conducted with a Ty5 integrase mu-
tant (in-611) as a cDNA donor. For substrates located at the
telomeres or the silent mating locus HMR, we observed at least
a 3.2-fold enhancement in recombination relative to that of a
substrate at an internal chromosomal site. Because our inter-
nal substrate is transcriptionally active, it can generate integra-
tion events, and therefore our values are likely underestimates.
The preferential recombination with substrates in silent chro-
matin was confirmed with a wild-type Ty5 donor element. In
addition, the enhancement did not occur simply because our
control was a recombinational cold spot. When transformed
into yeast cells, linear DNA containing Ty5-HIS3 recombined
at slightly higher frequencies with the internal substrate. The
preferential recombination was also not due to the transcrip-
tional silencing of substrate elements in silent chromatin, as
TyS substrates lacking a promoter were approximately as ef-
fective as wild-type elements in forming tandem elements or
carrying out marker exchanges.

The preference of Ty5 to integrate into regions of silent

template, followed by ligation. Step 5. Recombination products are formed, with
markers in both the 5" and 3’ elements. (B) Step 1. The cDNA is recessed beyond
the region containing the two markers. Step 2. The 3’ end of the cDNA invades
the substrate, and DNA synthesis repairs the gap. Step 3. The Holliday structure
is resolved; the small arrows indicate the sites of cleavage. Step 4. Recombination
products are formed, with markers in both elements.
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chromatin requires a Ty5-encoded targeting domain (14). We
found that this targeting domain is also required for preferen-
tial recombination with telomeric substrates. We hypothesize
that the targeting domain interacts with protein components of
silent chromatin, which in turn localize Ty5 cDNA to silent
regions. An increase in the local concentration of Ty5 cDNA
may explain both the integration and recombination target
biases. A role for integrase in bringing the cDNA and substrate
into proximity is supported by a phenotype observed for ele-
ments carrying the U3-tip and PPT mutations. Both of these
mutations likely impair the binding of integrase to the cDNA,
and neither mutant shows preferential recombination with te-
lomeric substrates (20a). Thus, there appear to be two path-
ways for Ty5 cDNA recombination: one pathway is integrase
dependent, and these events occur preferentially in regions of
silent chromatin; the other pathway is integrase independent,
shows no site preference, and can occur through either single-
or double-stranded cDNA.

To determine whether the recombination substrate bias oc-
curs when Ty5 naturally replicates, we measured cDNA recom-
bination with a telomeric element that serves as both cDNA
donor and substrate. When transcription and transposition of
this telomeric element is induced by mating pheromones, Ty5
cDNA frequently recombines with this insertion to form either
tandem elements (5 of 30) or elements that have exchanged
markers (8 of 30). Thus, Ty5 cDNA occurs frequently when
native TyS elements are replicating. It is interesting to note
that some tandem elements are present in multiple copies.
This has the net effect of increasing the size of the subtelomeric
sequences, which may counter telomeric sequence loss that
occurs naturally during DNA replication.

Mechanisms of tandem element formation. Although the
Ty5 LTR is required for the formation of tandem elements, it
is not involved in marker exchange. This suggests that the two
classes of recombination products arise by different mecha-
nisms. For marker exchange, only homology flanking the
marker gene is important, whereas for tandem element forma-
tion, LTR sequences are required in addition to internal do-
main homology between the cDNA and substrate. Deletion
analysis indicated that substrates missing one-fourth of the
LTR at either the 5" end or the 3’ end could still form tandem
elements efficiently; the sequences missing in these two LTR
fragments, therefore, are not essential for recombination. Fur-
ther deletion (=126 bp of the 251-bp LTR) reduced recombi-
nation to background levels. This is probably because the
length of the LTR substrate fell below what has previously
been observed for the minimal efficient segment for recombi-
nation in yeast (89 to 250 bp) (18, 49) and not because an
essential LTR feature was lost. In support of this, when an
80-bp LTR substrate was extended by including adjacent in-
ternal TyS sequences, the frequency of tandem element for-
mation was restored. Since this 80 bp did not include essential
Ty5 promoter sequences, basal transcription was not involved
in recombination. In summary, it is the LTR sequences that
mediate recombination and not transcription or protein factors
that bind the Ty5 LTR.

Although TyS LTR sequences are required for tandem ele-
ment formation, this process cannot be explained by the simple
crossover models we proposed earlier (20). Two point muta-
tions were introduced into TyS substrates to determine the
recombination initiation sites. If recombination initiates within
the LTR, most products would contain both mutations in the 3’
element; this product was never observed in the 25 products
analyzed for pNK419 and was only observed for three of the 38
products analyzed for pNK418 (Fig. 8, class I). In contrast,
most products carried both markers in both the 5’ and 3’
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elements (Fig. 8, class III). To explain this observation, we
propose that recombination is initiated by single-stranded
cDNA based on the single-strand annealing model (13, 16)
(Fig. 9A). Single-stranded ¢cDNA, perhaps generated during
minus-strand cDNA synthesis, invades the substrate element
and is extended into flanking sequences. The length of the
cDNA and the site of invasion determine whether it picks up
zero, one, or two mutations (the acquisition of two mutations
is illustrated in Fig. 9A). The 3’ LTR in the invading single-
stranded cDNA then displaces the 5" LTR and forms a looped
intermediate. The resolution of this intermediate structure by
the host recombination and repair system would generate tan-
dem elements. This model is consistent with our observation
that internal sequences facilitate tandem element formation, in
this case by helping to mediate strand invasion of the partial
cDNA. The Ty5 LTR is essential for tandem element forma-
tion, because it is required for strand displacement to form the
looped intermediate. Ty5 elements likely produce abundant
single-stranded donor cDNA; Southern hybridizations de-
signed to detect cDNA reveal a smear of variously sized prod-
ucts, suggesting the presence of partial cDNA intermediates
(20a). This may be because Ty5 reverse transcriptase is inher-
ently inefficient, which is consistent with low transposition ac-
tivity of TyS relative to other yeast retrotransposons. Further-
more, the efficient cDNA recombination observed with the
PPT mutant supports the idea that single-stranded cDNA me-
diates cDNA recombination.

An alternative model to explain our observations is based on
the crossover models we proposed previously (Fig. 9B) (20). It
differs, however, in that it requires recession of both strands of
the linear cDNA. Recession must remove all of the 5 LTR
sequences and some internal sequences. The extent of reces-
sion will determine whether the resultant tandem element has
one (class II), both (class III), or no (class I) mutations in the
5" element. After recession, the cDNA invades the substrate
and is resolved to form tandem elements. We do not favor this
model, however, because it requires greater recession rates at
the 5" LTR of the cDNA than at the 3" LTR (3’-LTR se-
quences must be retained for strand invasion).

Our model for recombinational amplification of Ty5 ele-
ments may have implications for the proliferation of other
LTR retrotransposons. Tandem arrays of Tyl and the Schizo-
saccharomyces pombe Tfl element have previously been de-
scribed (1, 52), including a report of large Tyl arrays at the
silent mating locus HML (52). Although most tandem Ty5s
contain two back-to-back elements, in this study we observed
instances where telomeric Ty5 substrates generated highly re-
iterated arrays. This is similar to the tandem repeats of non-
LTR retrotransposons observed at D. melanogaster telomeres
(3, 4, 24, 46) and to the tandem arrays of Y’ subtelomeric
repeats observed in S. cerevisiae (28). Telomeres are clearly
dynamic sites of DNA synthesis and loss. Amplification of
Saccharomyces TyS elements by both integration and recom-
bination provides an alternative means of replenishing and
modulating chromosome end sequences.
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